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The adsorption and diffusion of Mo and Nb adatoms on the a-Al2O3 (0001)
surface were explored using density functional theory-based methods.
Adsorption energies of Mo and Nb adatoms at minima sites on the surface
were determined. Mo and Nb adatoms prefer to adsorb to the same locations
on the surface, and larger adsorption energies calculated for Nb compared to
Mo indicate that Nb adatom-surface interactions are stronger than Mo. Using
minima adsorption sites as initial and final locations for surface diffusion,
energy barriers for diffusion were calculated using the nudged elastic band
method. Overall, Mo and Nb follow roughly the same diffusion paths. The
diffusion pre-factors for Mo and Nb are similar; however, Mo diffusion has a
lower energy barrier and thus a larger diffusion coefficient compared with Nb.
These results provide insight into the role of surface diffusion of Mo and Nb
adatoms during advanced manufacturing processes.
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INTRODUCTION
Advanced manufacturing has been shown to be a
viable method to build sensors for in-pile nuclear
1
reactor2 applications, such as 3dosimeters, melt
wires, and temperature sensors. Advanced manufacturing methods, including aerosol jet printing
(AJP) and plasma jet printing (PJP), are currently
being developed as a means to build sensors and
instrumentation that
cannot be built with tradi2
tional techniques. ,4 AJP utilizes aerosolized metal
nanoparticles in an ‘‘ink’’ that is deposited on
substrates in a focused manner. Once deposited,
the metal
nanoparticles are sintered together in an
2
oven. PJP is a similar process, which also uses
metal ink. However,
it allows for printing on flexible
5
substrates. The understanding of the metal printing process is necessary for the development of
advanced manufacturing methods, and the diffusion
mechanism of metal nanoparticles on the substrate
surfaces6 plays a crucial role in the metal printing
process ,7 because it affects how the metal
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nanoparticles move and form on the substrates.
To determine the adsorption and diffusion mechanisms of printed metal atoms on substrates, computational methods are needed.
First-principles modeling methods have been
commonly employed to study the metal-substrate
interaction and the diffusion of metal nanoparticles
on surfaces. Density functional theory (DFT)-based
methods 9 have been implemented to study bulk
13
diffusion –12 and surface diffusion of adatoms. –16
Specifically, nudged elastic band (NEB) methods
have been used to determine minimum energy
pathways (MEP) and energy barriers of diffusion.
The climbing-image (CI) version of NEB could also
reveal the transition
states of diffusion pathways.
14
Milas et al. used NEB and CI-NEB to determine
the surface diffusion paths and diffusion pre-factors
of Al, O, Pt, Hf, and16Y on the alumina surfaces. In
addition, Wu et al. used similar approaches to
study the diffusion paths and energetics of H on an
alumina surface.
The goal of our study is to use advanced manufacturing to build a high-temperature irradiationresistant thermocouple (HTIR-TC), which would
allow for real-time temperature measurement in a
nuclear reactor. A HTIR-TC, consisting of Mo and
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Nb, –19 offers the better balance of high temperature and irradiation resistance than traditional
TC
20
materials, such as Pt, Rh, and Ni alloys. For
example, Pt/Rh thermocouples are rated for temperatures up to 2093 K, and Pt and Rh have
neutron capture
cross sections of 10 and 150 barns,
21
respectively. Mo and Nb have higher melting
temperatures (2883 K and 2743 K) and smaller
21
neutron capture cross sections (2.65 and 1.15). A
common22 substrate used for printing is alumina
(Al2O3). –24 The diffusion mechanisms of Mo and
Nb on the alumina specifically at the atomistic level
have not been fully addressed in either computational or experimental studies. Here, we utilized the
NEB and CI-NEB methods to study the energetics
and diffusion mechanisms of Mo and Nb adatoms on
the a-Al2O3 (0001) surface. The surface energies of
the a-Al2O3 (0001) with three different atomic layer
terminations were estimated. Through the calculations of adsorption energies, favorable sites for the
Mo and Nb adatoms on the surface were determined. Diffusion pathways between the energetically favorable adsorption sites were also
determined using NEB. The MEP from the NEB
calculations were then used as an input for the CINEB calculations to determine the diffusion energy
barriers for the Mo and Nb adatoms on the a-Al2O3
(0001) surface. Finally, frequency calculations were
employed to estimate diffusion coefficients.
COMPUTATIONAL METHODS
Density functional theory (DFT) with dipole corrections, as implemented in
the Vienna Ab-initio
25
was used.
Simulation Package (VASP) ,26 software,
27
The projector augmented wave (PAW) ,28 pseudopotentials were utilized along with the Perdew–
Burke–Ernzerhof (PBE) form of29 the generalized
gradient approximation (GGA). For Al and O
atoms, the electrons in valence states were treated
explicitly, while the semi-core 4p electrons of Mo
and Nb were
not included in the frozen core. In the
14
literature, ,16,30–32 the a-Al2O3 (0001) surface has
been extensively studied, and, as highlighted in
Fig. 1a, there are three different atomic terminal
layers (labeled as Al, Al¢, and O). In our calculations,
six stoichiometric layers (18 atomic layers) were
used, and the bottom five atomic layers were frozen
to simulate a bulk region. The structural relaxations were done with 4 9 4 9 1 k-point sampling, a
plane-wave energy cutoff of 600 eV, Gaussian
smearing with 0.01 eV width, and a force convergence criterion of 0.01 eV/Å.
Initial and final locations of the diffusing adatoms
were found via adsorption energy calculations. The
adatoms10 were allowed to fully relax. In similar
studies, ,14,15 NEB was done between energetica
minima sites to establish a MEP, from which singleimage CI-NEB calculations were performed to speed
up the convergence time, which has been shown to
be sufficient for diffusion energy barrier
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calculations. ,14,15,33 To determine diffusion energy
barriers, five-image NEB calculations were performed between the adsorption sites with the lowest
energy minimum for at least 30 ionic steps, which
yielded the estimates of MEP between adsorption
minima. From the MEP results, single-image CINEB calculations were performed to determine the
transition state (TS) of the diffusing adatom. Upon
the convergence of the CI-NEB calculations, the
highest energy image was at a saddle point. A force
convergence of 0.01 eV/Å was used for CI-NEB
calculations. Once minimum and saddle point locations were determined, frequency calculations were
performed to find the vibrational frequencies of the
adatoms by displacing14the adatoms with  0.02 Å.
Like previous studies, the adatoms were assumed
to have a weak vibrational coupling with the
surface, so the frequencies of the surface atoms
were not considered.
RESULTS
Surface Energies
To determine the most energetically favorable
surface of a-Al2O3 (0001), the energies of the Al, Al¢,
and O-terminated surfaces were calculated using
the equation below:
 
Euc
Nslab N
uc
ð1Þ
Esurface ¼ Eslab 
2A
where Eslab is the total energy of the relaxed slab,
Nslab is the number of atoms in the slab, Euc is the
total energy of the Al2O3 unit cell, Nuc is the number
of atoms in the unit cell, and A is the area of the
surface of the slab. A vacuum slab of 25 Å was used
to form the a-Al2O3 (0001) surface.
The most energetically favorable surface is Al¢terminated, shown in Fig. 1, with an energy of
2.60 J/m2, more than a half smaller than the values
for O- and Al-terminated surfaces (6 J/m2). Upon
the relaxation, on the Al¢-terminated surface the
Al¢-O bond lengths are on average 1.70 Å, while the
O-Al¢-O angles are all 190. In general,
our results
14,16,30,34–37
and
agree with previous
computational
38
experimental studies. In addition, on the Al layer
the bond lengths are about 1.81 Å between Al atoms
and first-layer O atoms and 1.96 Å between Al
atoms and second-layer O atoms. The O-Al-O bond
angles are 97.6 for Al atoms and first-layer O atoms
and 81.8 for Al atoms and second-layer O atoms.
The Al¢-terminated surface was used for subsequent
adsorption and diffusion calculations, discussed
below.
Adsorption Sites
Using the Al¢-terminated surface, adsorption sites
for Mo and Nb adatoms and associated energies
were calculated. The adatoms were initialized on
the high-symmetry positions of the unit cell, as
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Fig. 1. (a) Relaxed 2 9 2 9 1 Al¢-terminated a-Al2O3 (0001) slab with a vacuum slab above. The first six atomic layers (Al¢, O, and Al) are labeled
and denoted with horizontal black lines. Al1, Al2, Al3, O1, and O2 atoms are labeled for reference. (b) Relaxed 2 9 2 9 1 Al¢-terminated a-Al2O3
(0001) surface. Initial adsorption locations are labeled as Al1, Al2, and Al3 for high-symmetry sites above Al atoms and O1 and O2 for highsymmetry sites above O atoms. Diffusion paths are labeled with arrows as path 1 (shorter arrow between Al1 and Al2 sites) or path 2 (longer
arrow between Al1 sites). Al atoms are blue, and O atoms are red.

labeled in Fig. 1. They were also initially placed 2 Å
above the surface and allowed to fully relax. It was
found that Mo adatoms relaxed to be directly either
above the Al2 site or slightly off the Al1 site (not
directly above). Similarly, Nb adatoms preferentially relaxed to be right above either the Al1 or Al2
sites. Upon adsorption above the Al1 sites, the Mo
adatom was about 1.68 Å above the surface while
the Nb adatom was about 1.55 Å above the surface.
Furthermore, the Al1 atoms moved downward into
the bulk region by 0.13 Å and 0.20 Å to separate
from Mo and Nb, respectively. Upon adsorption
above the Al2 sites, the Mo adatom was 1.94 Å
above the surface while the Nb was 1.63 Å above the
surface. Similar to the Al1 sites, the Al2 atom moved
downwards by 0.10 Å for Mo and 0.17 Å for Nb. The
change in the layer morphology, including Al-O
bond lengths and O-Al-O bond angles, was limited
down to the third Al¢ layer. We found no significant
change beyond that compared to the relaxed structure before adsorption (Fig. 1a). This observation
confirmed that the size of the slab we chose was
converged for the adsorption and diffusion
calculations.
To further study the adatom-surface bonding
characteristics, the charge density difference was
calculated, as below:
Dq ¼ qslabþadatom  qslab  qadatom

ð2Þ

where qslabþadatom is the electron density of the
relaxed slab with the adatom on top, qslab is the
electron density of the slab, and qadatom is the
electron density of just the adatom alone. Results
for the charge density differences are depicted in
Fig. 2. Electron density accumulates between the
Mo adatom and the Al atom Al3 (labeled in Fig. 1) as
opposed to the O atoms surrounding the Al1 and Al2

sites, as seen in Fig. 2a and b. This indicates that
Mo interacts preferentially with surface Al3 atoms,
as opposed to the subsurface Al1 and Al2 atoms.
Similarly, electron density also accumulates
between the Nb adatoms and surface Al3 atoms,
as shown in Fig. 2c and d. Due to the strong Mo- and
Nb-surface interactions, we found that the Al3
atoms were moved upwards from the surface by
0.54 Å and 0.41 Å upon the adsorption of the Mo
and Nb adatoms above Al1 sites, respectively.
Similarly, the Al3 atoms were moved upwards by
0.10 Å and 0.40 Å upon the adsorption of the Mo
and Nb adatoms above Al2 sites, respectively.
Corresponding adsorption energies were calculated to quantify the adatom-surface interaction
using the equation, as below:
Eads ¼ ½Eslabþadatom  ðEslab þ Eadatom Þ

ð3Þ

where Eslabþadatom is the total energy of the relaxed
slab and adatom system, Eslab is the total energy of
the relaxed slab, and Eadatom is the formation energy
of a single Mo or Nb atom. Adsorption energies that
are more positive indicate a stronger adatom-surface interaction. Table I lists the adsorption energies of the Mo and Nb adatoms. In general,
adsorption of adatoms above Al1 sites yields larger
adsorption energies than those above Al2 sites. For
adsorption above both Al1 and Al2 sites, Nb
adatoms exhibit larger adsorption energies than
Mo adatoms. Furthermore, the favorable adsorption
positions of the adatoms above Al1 sites roughly
correspond to the position of an Al atom if the Al2O3
structure were continued.
Diffusion Pathways
The minimum adsorption sites (i.e., the Al1 and
Al2 sites) were used as initial and final locations of
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Fig. 2. Charge density differences of (a) Mo above an Al1 site, (b) Mo above an Al2 site, (c) Nb above an Al1 site, and (d) Nb above an Al2 site.
Yellow zones represent an accumulation of electrons while blue zones represent a loss of electrons. Charge density differences were calculated
using Eq. 2.

Table I. Minimum adsorption site energies in eV
Adatom
Mo
Nb

Al1 site

Al2 site

2.75
3.14

2.17
2.62

Al1 and Al2 sites are labeled in Fig. 1. Adsorption energies were
calculated using Eq. 3. Large (more positive) values correspond to
a stronger adatom-surface interaction

the adatoms for NEB calculations. It was assumed
that the diffusion of adatoms
occurred as hops
13
between adsorption sites. –15 Two paths that connected minimum adsorption sites were considered
for both Mo and Nb—a path connecting Al1 and Al2
sites (path 1) and a path connecting two Al1 sites
(path 2). Due to the symmetry of the surface, the
path from the Al2 to Al1 sites was assumed to be
equivalent to path 1. From the single-image CI-NEB
calculations, diffusion energy barriers were
obtained for both paths.
Figure 3 shows the initial, final, and TS sites of
the Mo and Nb adatoms along paths 1 and 2 while
Fig. 4 exhibits corresponding diffusion energies for
different sites. Frequency calculations were conducted to confirm minima and TS sites. Minima
sites were confirmed because of the lack of imaginary frequencies. Saddle points for Mo path 2 and

Nb paths 1 and 2 were also confirmed to be TS sites
with the presence of a single imaginary frequency.
No imaginary frequency was found at the saddle
point for Mo path 1 and was therefore not considered a TS.
Path 1 for both Mo and Nb shown in Fig. 3a and c
is similar, and the minima and saddle points are
connected by a relatively straight line. Furthermore, the saddle points are located in nearly the
same position—both about 2.20 Å from the minimum site, Al1. The energy barrier for the diffusion
path connecting the Al1 and Al2 sites is 0.59 eV and
0.55 eV for Mo and Nb, respectively. However, since
there is no imaginary frequency for the saddle point
on the Mo path 1 (representing a Mo adatom at an
Al2 site), it is not considered a TS site. The lack of
imaginary frequency may be attributed to the flat
potential energy surface near the saddle point and
the local minimum—the energy difference between
the saddle point and the local minimum (Al2 site) is
0.01 eV. For Nb path 1, the energy barrier for
diffusion from Al2 to Al1 is slightly larger at
0.03 eV.
Path 2 for Mo is different from path 2 for Nb. The
minimum sites and TS sites for Mo are connected by
a relatively straight line, with the TS occurring
above an O2 site, about 2.10 Å from the initial Al1
site. The diffusion energy barrier for Mo on path 2 is
0.47 eV, lower than that for path 1. Conversely,
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Fig. 3. (a) Mo diffusion path 1, (b) Mo diffusion path 2, (c) Nb diffusion path 1, and (d) Nb diffusion path 2. Blue atoms are Al, red atoms are O,
purple atoms are Mo, and green atoms are Nb (Color figure online).

path 2 for Nb was found to be less linear and more
curved than path 2 for Mo. The TS also occurs over
an O2 site (labeled in Fig. 1) 3.75 Å from the initial
Al1 site, and the barrier is larger than that of Mo at
0.87 eV.

generally be given by the Arrhenius equation, as
below:


Q
ð4Þ
D ¼ D0 exp 
kB T

Diffusion Coefficients

where D0 is the diffusion pre-factor, Q is the
diffusion energy barrier, and T is temperature.
The diffusion energy barrier is given by the difference between the minimum and maximum energies
along the diffusion path, i.e.,

The diffusion energy barriers and vibrational
frequency results were calculated to approximate
the diffusion coefficients and pre-factors of the Mo
and Nb adatoms. A detailed explanation of the
procedure to estimate diffusion coefficients from CINEB10 calculations can be found in the literature, ,11,14 and a brief summary is given here. The
diffusion coefficient of an adatom on a surface can

Q ¼ Ets  Emin

ð5Þ

where Ets is the energy of the diffusing adatom at
the TS site, and Emin is the energy at a minima
point. In similar systems, the zero-point energy
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Fig. 4. Diffusion profiles determined from single-image CI-NEB calculations. Plots for diffusion path 1 were mirrored to show the entire path. The
minimum energy points correspond to adatoms above Al1 sites. Local minima on path 1 correspond to adatoms above Al2 sites. Reaction
coordinates calculated as the absolute distance from the initial adsorption position.
14

corrections are within ± 0.02 eV, and so are
neglected in Eq. 5. In the framework of transition
state theory, D0 can be estimated as
Q
min
l2 3N
i mi
D0 ¼ Q3N1
ð6Þ
4 i
mTS
i
where l is the diffusion path length and m are the
normal modes of vibration. The value 3N corresponds to the number of normal modes for an
adatom at a minimum site while 3N  1 corresponds to the number of modes of an adatom at a TS
site, because there is a single imaginary frequency
2
at the TS site. The quantity l4 accounts for the
possible diffusion directions of an adatom on a
hexagonal lattice surface. By combining Eqs. 4–6,
the diffusion coefficient can be determined. In the
case where adatom diffusion occurs in two steps,
first order kinetics can be applied to write the total
diffusion coefficient as
1
1
1
¼
þ
D D1 D2

ð7Þ

Using Eq. 7, the diffusion pre-factor can be found
for a diffusion path with multiple steps. Results for
D0 and D are given in Table II at temperatures of
550 K, the approximate
sintering temperature of
2
printed metals, ,22 and 1250 K, the maximum tem2
perature at which printed melt wires were tested.
As shown in Fig. 2, both Mo and Nb adatoms
interact strongly with Al3 atoms. However, as
shown in Fig. 4 and Table II, Mo path 2 has the
lowest diffusion energy barrier compared to both Nb
diffusion paths. The difference between energy
barriers for Mo and Nb can be explained by the
differences in their adsorption energies given in

Table I, where Mo has a lower adsorption energy
(2.75 eV at Al1 sites) than Nb (3.14 at Al1 sites),
resulting in a weaker adatom-surface interaction.
D0 values were calculated using Eq. 6. The D0 for
Nb path 1 was calculated using Eq. 7 in combination with Eqs. 4 and 6 at a temperature of 1250 K
(the D0 at 550 K was found to be 8.05 9 108 m2/s).
In general, the calculated D0 values are similar for
both Mo and Nb, while Mo path 2 has the relatively
larger value. The combination of low Q and larger
D0 leads to the largest overall D for Mo in Table II.
Despite the smaller D0 value calculated for Nb path
1, the value of D for Nb path 1 is larger than that of
path 2 because of the larger Q of path 2. The
calculated D value for Mo path 2 at 550 K is two
orders of magnitude larger than Nb path 1 and four
orders of magnitude larger than Nb path 2. At
1250 K, however, the differences in D between Mo
and Nb are reduced. This might be attributed to the
larger diffusion energy barriers for Nb, which could
be more easily overcome at the higher
temperatures.
DISCUSSION
Adsorption energy calculations revealed that Mo
and Nb preferentially adsorb to similar sites on the
Al2O3 (0001) surface and that the Nb adsorption
energy is larger than that of Mo. They both interact
strongly with Al3 surface atoms as opposed to
subsurface Al atoms. However, we found some
differences upon the adsorption of Mo and Nb
adatoms. First, the Nb adatoms relaxed closer to
the surface by about 0.1 Å above Al1 sites 0.3 Å
above Al2 sites. Second, the Al atoms directly under
the adatoms at the Al1 and Al2 sites moved
downwards into the bulk region by about 0.07 Å
further for Nb adsorption compared to Mo. Third,
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Table II. Diffusion energy barriers (Q), calculated frequencies, diffusion pre-factors (D0 ), and diffusion
coefficients (D) calculated at 550 K and 1250 K
Q (eV)

Frequencies (cm21)

D0 (m2/s)

D (m2/s) @ 550 K

D (m2/s) @ 1250 K

Mo; path 2

0.47

5.47 9 107

2.95 9 1011

7.24 9 109

Nb; path 1

0.55 (0.03)

7.97 9 108

7.70 9 1013

4.93 9 1010

Nb; path 2

0.87

Al1: 222, 117, 69
TS: 137, 45, 49i
Al1: 235, 155, 142
Al2: 223, 142, 121
TS: 230, 155, 37i
Al1: 235, 155, 142
TS: 222, 178, 30i

2.62 9 107

2.60 9 1015

7.88 9 1011

System

In the case of two-step diffusion, the secondary Q is given in parentheses. Mo path 1 is neglected because of the lack of imaginary
frequencies at the saddle point. D0 for Nb path 1 was calculated using 1250 K

upon adsorption above Al1 sites, charge was found
to be transferred between the Mo adatom and a
single Al3 atom, while Nb was found to exchange
charge with two Al3 atoms. Upon adsorption above
Al2 sites, charge was found to be transferred
between the Mo adatom and three Al3 atoms, while
Nb was again found to exchange charge with two
Al3 atoms. Furthermore, CI-NEB results suggested
that two diffusion paths are available for both Mo
and Nb—a path connecting two Al1 sites (path 1)
and another path connecting Al1 and Al2 sites (path
2). However, no imaginary frequency was found for
the saddle point of Mo path 1, which was therefore
not considered for diffusion coefficient calcualtions.
This is likely due to the flat potential energy
surface, where the energy difference between the
saddle point and the Al2 minima site is only
0.01 eV. Conversely, path 2 for Mo and path 1 and
path 2 for Nb are identified as TS structures with
imaginary frequencies for the saddle points. The
larger diffusion energy barrier for Nb can be
attributed to its larger adsorption energy, leading
to smaller diffusion coefficients
than those for Mo.
14
Compared with other studies, ,39 the diffusion prefactors of Mo and Nb are between those of Al (fast
diffusion) and Hf, Y, and Pt (slower diffusion).
Furthermore, Mo and Nb have activation
energy
14
barriers close to those of Al and Pt. The surface
diffusion rates of Mo and Nb adatoms are estimated
to be similar to those of Al adatoms because of their
similar diffusion pre-factors and energy barriers.
In the case where Mo and Nb18 may be printed
together (as is done for HTIR-TCs ), the preference
for Mo and Nb to occupy the same sites (Al1 and
Al2) and the larger Mo diffusion coefficients may
cause competition for adsorption sites among the
adatoms (i.e., site blocking). Surface diffusion coefficients may also impact the 40spreading of the
printed material on a substrate. –42 For example,
upon heating Mo and Nb metals on a substrate, the
difference in diffusion coefficients means the Mo
adatoms may diffuse (spread)43 on the surface more
quickly than Nb adatoms. However, this is

mitigated at higher temperatures because of the
smaller differences between their diffusion coefficients. Finally, diffusion coefficients can also be
used for the development of the larger scale phasefield models of the
advanced manufacturing process
44
of metal devices. ,45
CONCLUSION
The adsorption and diffusion of Mo and Nb
adatoms on the a-Al2O3 (0001) surface were
explored using density functional theory-based
methods. The energies of three different surfaces
terminated with Al¢, Al, and O layers were calculated. We found the Al¢-terminated one as the most
energetically stable surface. Adsorption energy calculations were conducted using Mo and Nb adatoms
initialized at five high-symmetry sites above the
surface. Both Mo and Nb were preferentially
relaxed to be above sub-surface Al sites. Using the
minimum adsorption sites as starting and ending
locations for the diffusion paths, NEB calculations
were also conducted to find approximate minimum
energy pathways between energetically minimum
sites. Using the approximate paths as inputs, CINEB calculations were performed to find diffusion
energy barriers. A single TS path exists for Mo
while two possible TS paths exist for Nb. It was
found that Mo and Nb follow similar diffusion paths,
which may lead to site blocking. The calculated
surface diffusion pre-factors of Mo and Nb were
found to be similar; however, it was determined that
the diffusion coefficients of Mo are larger because of
a smaller diffusion energy barrier. The differences
in diffusion coefficients may affect how the Mo and
Nb metals spread on the substrate when printed
together (e.g., Mo may spread quicker than Nb
because of its larger diffusion coefficient). The
results presented in this study provide detailed
insight into the printing of metal systems, the
understanding of which is crucial for the development and optimization of advanced manufacturing
processes.
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